Context. The [Cii] 158 µm line is the most important coolant of the interstellar medium in galaxies but substantial variations are seen from object to object. The main source of the emission at a galactic scale is still poorly understood and candidates range from photodissociation regions (PDRs) to the cold neutral or diffuse warm ionized medium. Previous studies of the [Cii] emission in galaxies have a resolution of several kpc or more so the observed emission is an average of different ISM components. Aims. The aim of this work is to study, for the first time, the [Cii] emission at the scale of a spiral arm. We want to investigate the origin of this line and its use as a tracer of star formation. Methods. We present [Cii] and [Oi] observations of a segment of a spiral arm of M 31 using the Infrared Space Observatory. The [Cii] emission is compared with tracers of neutral gas (CO, Hi) and star formation (Hα, Spitzer 24 µm). Results. The similarity of the [Cii] emission with the Hα and 24 µm images is striking when smoothed to the same resolution, whereas the correlation with the neutral gas is much weaker. The [Cii] cooling rate per H atom increases dramatically from ∼ 2.7 10 −26 ergs s −1 atom −1 in the border of the map to ∼ 1.4 10 −25 ergs s −1 atom −1 in the regions of star formation. The [Cii]/FIR42−122 ratio is almost constant at 2%, a factor 3 higher than typically quoted. However, we do not believe that M 31 is unusual. Rather, the whole-galaxy fluxes used for the comparisons include the central regions where the [Cii]/FIR ratio is known to be lower and the resolved observations neither isolate a spiral arm nor include data as far out in the galactic disk as the observations presented here. A fit to published PDR models yields a plausible average solution of G0 ∼ 100 and n ∼ 3000 for the PDR emission in the regions of star formation in the arm of M31.
Introduction
The [Cii] 158 µm fine structure line is the strongest spectral line in the universe, carrying typically close to 1% of the energy emitted in the Far-IR from galaxies. This line has a critical density for excitation around 1000 cm −3 , and is therefore widespread in galaxies. Previous studies of [Cii] emission in spiral galaxies include Madden et al. (1993) , Nikola et al. (2001) , Kramer et al. (2005) , and Braine & Hughes (1999) for respectively NGC 6946, M 51, M 83, and NGC 4414, and Malhotra et al. (2001) for a statistical study. All of these have a resolution of several kpc and thus average a wide variety of environments within the beam. Carbon is ionized more easily than Hydrogen so [Cii] emission, although from an ion, can arise from ionized Hii regions to mainly neutral photo-dissociation regions (PDR; e.g. Tielens & Hollenbach 1985) at the border of molecular clouds, exposed to UV radiation from young massive stars. A significant contribution could also come from the diffuse atomic interstellar gas, as shown by Crawford et al. (1985) and Madden et al. (1993) , or the diffuse ionized medium (Heiles 1994 ). However, the main contributions are not known in detail, especially at high spatial resolution.
Far from the first study of [Cii] emission, the present work is unique in that we study emission at the scale of a spiral arm, only possible in the very nearby spirals M 31 or M 33. M 31 is the nearest density-wave spiral galaxy, where we can test large-scale dynamics and star formation. It is the only density-wave galaxy where spiral arms are resolved by ISO (M33 being more stochastic), as shown in Fig. 1 . The scale of the [Cii] observations presented here is new and allows us to study the spiral arm environment separate from the rest of the galaxy. With a focus on testing the origin of the [Cii] line, we compare the [Cii] emission across an arm in M 31 with the CO and HI, tracing the neutral gas, the Hα emission tracing ongoing star formation but suffering from extinction, and the Spitzer 24µm image tracing the warm dust heated by recent star formation.
[Cii] emission as a tracer of star formation has the advantage of not being affected by interstellar extinction.
Observational data
We have observed a portion of the northern spiral arm of M31 in the [Cii] 157.7 µm and [Oi] 63.8 µm lines using the Long Wavelength Spectrometer (LWS) onboard the Infrared Space Observatory (ISO). The observed region, which is shown in Fig. 1 on a 175 µm image by Haas et al. (1998) , is the most intense region of star formation in M 31 and contains a large concentration of Hii regions (Devereux et al. 1994) . The [Cii] line was observed with two raster maps of 10 × 4 points centered at RA=00h44m38.736s and Dec=41
• 27 ′ 17.208 ′′ (J2000) and 12 × 4 points centered at RA=00h45m7.514s and Dec=41
• 35 ′ 46.896 ′′ (J2000). The ISO observation numbers (TDT numbers) of those observations are 58001701 and 58001801, respectively. In addition, we have mapped the [Oi] 63.8 µm line in the central positions of the [Cii] maps with two small rasters of 2 × 2 points (TDTs 58001703 and 58001903). The raster maps were oriented along the spiral arm at an angle of 63 deg. For all the maps, the observed points are separated by 1'. Tables 1  and 2 give the exact observed positions.
The lines were scanned in the LWS 02 mode at a spectral resolution of 0.29 and 0.6 µm for the [Oi] (Gry et al. 2003) . The observations were processed through the off-line processing (OLP) software version 10. Further reduction was done with ISAP. The data reduction consists basically in dropping bad data points, shifting the different scans taken with each detector to a common level and averaging all the data for each detector. In addition, with ISAP we have defringed the spectra to get rid of the well-known interference pattern for the long wavelength detectors. We fitted order 1 baselines to the spectra in the vicinity of the lines and Gaussian curves to the lines using ISAP. Tables 1 and 2 give the [Cii] line fluxes and errors as derived from the Gaussian fits. The absolute flux calibration uncertainties for the LWS01 mode are smaller than 20% (Gry et al. 2003) .
We also present an archival Spitzer Space Telescope image of the same region taken with the MIPS instrument at 24 µm, with a spatial resolution of about 5". The other data sets used here are Hα from Devereux et al. (1994) , HI from Brinks & Shane (1984) , CO(1-0) emission from Nieten et al. (2005) , and the combined 60 and 100 µm IRAS maps. Figure 2 shows the contour map of the [Cii] line integrated intensity overlaid on different images of other tracers of neutral (Hi, CO) and ionized gas (Hα) and dust continuum emission at 24 µm and the combined 60 and 100 µm IRAS maps. All the images have been reprojected using an orthographic projection with center in RA=00h44m51.960s and Dec=41
Origin of the [Cii] emission
• 31 ′ 4.44 ′′ (J2000) and rotated by 63 deg. This is the coordinate system that we use in the following. The right panels show the [Cii] map superposed on the same tracers but smoothed to the same resolution as the [Cii] (about 70 ′′ ). In addition, since one of the goals of the observations was to study how the [Cii] emission varied across a spiral arm, we have also made a set of cuts perpendicular to the arm in all the tracers smoothed to the same angular resolution (Fig. 3) . All the peaks have been normalized to the maximum intensity of the [Cii] line. Inspection of the maps in Fig. 2 shows that the [Cii] emission peaks are typically not coincident with the CO maxima, although they generally trace the same part of the spiral arm. The upper right corner of the [Cii] map shows little emission despite a maximum in CO. Interestingly, the molecular gas in that area appears rather quiescent as it is generally weak in the tracers of star formation. This is clear in Fig. 3 . Single-peaked CO profiles (for example x=4', 0.8', -3.5') are symmetrical with respect to the arm crest and very similar to the Hα and 24 µm ones, suggesting that the regions with strong CO emission and little star formation are intrinsically different (see for instance x=9', y=1.5').
It is immediately clear in Fig. 2 that the [Cii] emission in the arm follows the tracers of star formation (Hα, 24 µm), rather than the neutral gas (CO, Hi), such that little of the emission in a spiral arm environment comes from the cold neutral medium (CNM) as proposed by Bennett et al. (1994) and Wolfire et al. (1995) . This can also be seen in the right panels, where there is excellent agreement between the [Cii] contours and the smoothed Hα and 24 µm images. The solution of the inverse problem is not unique but the agreement is so good, in particular with the smoothed 24 µm, that a high angular resolution [Cii] image should be very similar to the Spitzer image of the warm dust emission.
The high angular resolution Hα and 24 µm images show many discrete sources in addition to an extended component. Most of the sources seen in the warm dust emission at 24 µm are detected in Hα as well in spite of the extinction. Figure 4 shows the contours of Hα flux overlaid on the Spitzer 24 µm emission -the similarity is striking. This confirms the result by Devereux et al. (1994) -but at 5 ′′ resolution rather than the ∼ 100 ′′ of IRAS -that despite the extinction expected for a spiral arm, the Hα line flux yields a very similar picture of the star formation as far-infrared (FIR) continuum, showing that even the young regions of star formation are not so dust-enshrouded that they are not bright in the Hα line.
The [Cii]/FIR ratio
We have used the IRAS fluxes to calculate the [Cii]/FIR ratio flux in the same way as earlier works. It should be noted that "FIR" here refers to the 42 -122 µm flux, roughly half the total thermal dust emission. The case of NGC6946 (Madden et al. 1993) , the [Cii]/FIR ratio increases from 0.2 % in the center to 0.9 % in the northern spiral arm (at a distance of ∼ 4.5 kpc). In the observations of M51 reported by Nikola et al. (2001) , the [Cii]/FIR ratio varies from 0.6 % in the nucleus to 1.3 % in the spirals arms located at ∼ 5.5 kpc from the center. Our data confirm that the [Cii]/FIR ratio increases with radius in galactic disks and the high [Cii]/FIR ratio measured here is found at ∼ 12 kpc from the center. The study of the dense molecular gas emission by Brouillet et al. (2005) has already shown that the physical properties of the interstellar medium change with galactocentric distance in M31, as was found by Sodroski et al. (1997) for the Milky Way.
However, it is unclear what physical mechanisms are responsible for this behavior. Statistical studies of different galaxies (Malhotra et al. 2001 ) have shown a tendency for the [Cii]/FIR ratio to decrease with increasing IRAS 60/100 ratios, i.e. when the dust temperature increases. As discussed by Contursi et al. (2002) , this effect is also weakly present along the disks of NGC1313 and NGC6946. A possible explanation is that strong UV fields heat the dust to higher temperatures (high 60/100 ratio) than weaker fields but they can also increase the positive charge of the dust grains and reduce the efficiency of the photoelectric effect, which is the main heating mechanism in the region of the PDRs where the [Cii] dominates the cooling. As a result, the [Cii]/FIR ratio decreases.
We have calculated the 60/100 ratio in the region of the [Cii] map. The values range from 0.2 at the [Cii] minima to 0.5 at the [Cii] (or FIR) peaks (which trace star formation). The sources of Malhotra et al. (2001) and Contursi et al. (2002) with a 60/100 ratio in the range 0.2-0.5 have [Cii]/FIR ratios of 0.4-1 %. In contrast, the [Cii]/FIR in the region studied in this paper is constant at 2 %. Therefore, no correlation is present between the [Cii]/FIR and the 60/100 ratios and the [Cii]/FIR ratio is higher than in other sources with the same 60/100 ratio (Fig. 4 of Contursi et al. 2002) .
Physical conditions
In this section we compare significant line-to-line and lineto-continuum ratios with other observations and PDR model calculations in order to derive the physical conditions of the [Cii] emitting gas. The [Cii]/CO(1-0) is particularly interesting, since it varies from about 1300 for galactic disks (Nakagawa et al. 1998; Braine & Hughes 1999) , to about 6000 in starbursts (Stacey et al. 1991 ) and up to 23000 for the Large Magellanic Cloud (Mochizuki et al. 1994) . Even in the same galaxy, this ratio can vary in large proportions. In the Milky Way, Fixsen et al. (1999) find that the [Cii]/CO ratio at large scale decreases from about 2000 in the inner galaxy to 1000 in the outer galaxy. Averaged over the [Cii] map, the [Cii]/CO(1-0) ratio in the spiral arm of M31 is 3600, ranging from about 1500 to 6000 near the bright regions of star formation. If the [Cii] were observed at higher resolution still, presumably However, one should take into account that a fraction of the [Cii] emission can arise from the ionized gas. In this case, one should correct the observed fluxes before comparing to the PDR models. It is difficult to estimate the amount of [Cii] that can arise from the ionized gas but statistical studies of normal galaxies (Malhotra et al. 2001 ) and the Galactic center clouds (Rodríguez-Fernández et al. 2004 ) have shown that both contributions can be comparable. Thus we have also estimated the PDR parameters assuming that the [Cii] flux that arise from PDRs is only half of the observed flux. In this case, the comparison of the cor- In contrast, the predicted [Cii] intensity in this region of the parameter space is higher than the measured one. For instance, the predicted intensity for n = 2000 and G 0 = 100 is ∼ 2×10 −4 ergs s −1 cm −2 sr −1 , 10 times higher than that observed; the [Cii] (Sternberg & Dalgarno 1989) . For G 0 /n ratios of 0.01 -0.1, N HI ∼ 3 − 12 × 10 20 cm −2 . Roughly half of the observed Hi along the inner part of the spiral arm would then be the product of photodissociation of molecular gas by the star formation within the arm. PDRs observed in the Galaxy have G 0 /n > ∼ 0.1, implying a greater Hi column density from photodissociation but over a much smaller area.
[Cii] cooling rate
In order to understand how to place these observations in the general framework, we determine the cooling rate of [Cii] per atom of Hi Λ = 4πI CII /N (HI) and per H atom including molecular gas Λ ′ = 4πI CII /(N (HI) + 2N (H 2 )), measured at the resolution of the [Cii] observations. The Hi column density was taken from Brinks & Shane (1984) , calculated using the standard formula for optically thin Hi, and we assume a N (H 2 )/I CO factor of 2 × 10 20 cm −2 /(K km s −1 ). The image of the cooling rate Λ is plot-ted in Fig. 5 as contours over the Hα and 24 µm smoothed images. Λ varies from ∼ 1.4 10 −25 ergs s −1 atom −1 in the maxima at x = 1.5 and x = −6.5 to ∼ 2.7 10 −26 ergs s −1 atom −1 in the minima located around the upper border of the map. Thus, the [Cii] emission per H atom is much higher near zones of star formation, and varies roughly within the ranges expected for PDR gas (e.g. Wolfire et al. 1995; Boulanger et al. 1996 ) but higher than expected for the CNM (Wolfire et al. 1995) .
There is little difference between Λ and Λ ′ except near the main CO maximum because the Hi column dominates almost everywhere after smoothing to the resolution of the [Cii] . Because the CO maximum is not a [Cii] maximum, the cooling rate Λ ′ is particularly low there. The level of star formation is the important parameter for the [Cii] emission, not the CNM column density. and G 0 ∼ 100, providing a satisfactory fit to the [Cii] , [Oi] , CO, and FIR emission.
Conclusions
The [Cii]/FIR ratio in the spiral arm region we observed in M 31 is high, about 2%, well above the typically quoted values of [Cii]/FIR≈ 0.3 − 1% for galaxies. This is a major result as both the [Cii] and FIR data are wellcalibrated. Looking at values and data found in the literature, the increase in the [Cii]/FIR ratio with distance from the center can be seen in earlier observations but little attention was called to the variation as the uncertainties were very high. The part of the arm we observed is much further out than any other [Cii] observations, which may help explain the high ratio. Furthermore, it is clear that in the centers of spiral galaxies the [Cii]/FIR ratio is lower than in the disk so surveys of unresolved galaxies sample a combination of disk and nuclear emission and as such can be expected to yield lower [Cii] /FIR values than the disks alone.
It is also interesting that even at the 5 ′′ resolution of the Spitzer 24 µm image, the FIR and Hα views of star formation are extremely similar -very little star formation is hidden, despite the nearly edge-on orientation of M 31.
